Objective The significance of indeterminate pulmonary nodules (IPNs) in patients undergoing resection of pancreatic ductal adenocarcinoma (PDAC) is unknown. We sought to define the prevalence and impact of IPN in such patients. Methods We studied all patients who underwent surgical resection of PDAC between 1980 and 2013. IPN was defined as ≥1 well-defined lung nodule(s) less than 3 cm in diameter. Survival was assessed using univariate and multivariate Cox models. Results Of the 2306 resected patients, 374 (16.2 %) had a preoperative chest computed tomography (CT) scan. Of these patients, 183 (49 %) had ≥1 IPN. Demographic and clinicopathological characteristics were similar among patients with or without IPN (all P >0.05). Median survival was comparable among patients who did (15.6 months) or did not (18.0 months) have IPN (P=0.66). Of the 183 patients with IPN, 29 (16 %) progressed to clinically recognizable metastatic lung disease compared to 13 % without IPN (P=0.38). The presence of >1 IPN was associated with the development of lung metastasis (relative risk 1.58, 95 % CI 1.03-2.4; P=0.05). However, lung metastasis was not associated with survival (P=0.24). Conclusions An IPN proved to be a lung metastasis in only one of six patients with PDAC undergoing surgical resection in this study. Survival was not impacted, even among patients who developed lung metastasis. Patients with PDAC who have IPN should not be precluded from surgical consideration.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death in the USA. 1 As the majority of patients are asymptomatic or present with non-specific signs and symptoms such as weight loss, jaundice, and abdominal pain, they are often not diagnosed until late in the course of the disease when regional or distant spread has occurred. 2 This late presentation contributes to an overall 5-year survival of 6 %. 1 The best chance for survival is early detection when the tumor can be treated with surgical resection. 3 Studies have shown that patients who undergo pancreatic resection have increased survival compared with those patients without any cancer directed treatment. 4 However, surgery is limited to only patients with technically resectable disease in the absence of distant metastasis, making it imperative that a patient is accurately staged prior to any surgical intervention.
Currently, all patients with newly diagnosed pancreatic adenocarcinoma undergo preoperative staging with computed tomography (CT) of the abdomen and pelvis. This is based on National Comprehensive Cancer Network (NCCN) guidelines which recommend defined pancreas protocol imaging involving thin cuts (3 mm or less) through the abdomen by CT or, alternatively, MRI. 5 This allows for assessment of the tumor's resectability and relationship to vascular structures and can be used to identify distant metastases in the abdominal cavity. However, it is not routine for patients to undergo chest imaging to identify distant disease in the chest. While the 2014 NCCN guidelines have been updated to recommend chest imaging for metastatic workup, there are currently no recommendations noted as to the specific type of imaging that should be undertaken. In addition, when CT scans of the chest are performed, the findings are often confounded by the presence of small subcentimeter nodules for which metastasis cannot be excluded.
Indeterminate pulmonary nodules (IPNs) are defined as well-defined, non-calcified, nodules in the lung less than 3 cm in size. 6 By definition, these nodules are completely surrounded by parenchyma and are without associated adenopathy. 6 These indeterminate nodules are clinically challenging because they could represent malignancy, especially metastases in patients already known to have a primary tumor with high metastatic potential. Several recent studies in patients with colorectal cancer have shown that between 4 and 26 % of patients who undergo preoperative imaging have at least one IPN; approximately 10-11 % of these nodules turn out to be metastatic colorectal cancer at follow-up.
7 -9 Yet, despite these findings, colorectal cancer patients undergoing hepatic resection who have IPN do not seem to have significantly worse survival, even when these IPN turn out to be metastatic disease. 10 At this time, no such study has been done for pancreatic cancer. This creates an urgent need to determine the significance of these nodules in patients about to undergo pancreatic resection. We sought to define the prevalence and clinical impact of IPN in a large cohort of patients undergoing resection of PDAC.
Materials and Methods
Study Participants Between January 1, 1980, and December 31, 2013, 2306 patients underwent resection of PDAC at the Johns Hopkins Hospital by pancreaticoduodenectomy, distal pancreatectomy, or total pancreatectomy. Of these 2306 patients, 374 were identified as having a preoperative chest CT scan available for evaluation. A retrospective chart review was performed on these 374 patients with preoperative chest CT. All charts were reviewed, and information on patient demographics, tumor characteristics, perioperative characteristics, and chemoradiation therapy were collected. The pathology of the resected cancers was reviewed, including analysis of tumor stage, grade, margin status, perineural invasion, microvascular invasion, and nodal status. IPN was defined as ≥1 well-defined lung nodule less than 3 cm in diameter based on published guidelines, and radiologic characteristics assessed and collected included number and size.
Standard protocol is to follow patients postoperatively with routine clinic visits every 3-6 months in addition to imaging that include CT of the chest, abdomen, and pelvis to assess for recurrence. Patients were determined to have clinically recognizable metastatic disease in the lung based primarily on radiographic changes including increase in number and/or size of nodules felt to be consistent with metastasis upon review by a radiologist, medical oncologist, or surgeon. In addition, a subset of patients underwent biopsy and/or video-assisted thoracic surgery (VATS) in which pathologic analysis of tissue was determined to be consistent with metastatic pancreatic cancer.
During the course of the study, the CT scans were performed on a range of scanners but currently are performed on a Siemens Somatom Dual Source Scanners (Siemens Medical Solutions, Malvern, PA). Scan protocols are 3-mm thickness and include subsecond scanning, 120 kVp, 180-230 mAs and single phase acquisition. All chest CT scans were reviewed by a board certified radiologist at the time of patient imaging.
Statistical Methods Summary statistics for the study population were presented as frequencies and percentages for categorical variables and as mean values with ranges for continuous variables. Statistical analysis to assess overall survival estimates in patients was performed using Kaplan-Meier method calculated from the date of surgery to the date of last follow-up or death and univariate Cox proportional hazards models. The differences in survival were examined with the log-rank test. All statistical analyses were carried out using StatView, version 5.0.1 (SAS Institute, Inc.) and STATA version 12.0 (StataCorp, College Station, TX). All tests were two-sided and a P value <0.05 was considered statistically significant.
IRB Approval All studies were carried out with the approval of the Johns Hopkins Hospital Institutional Review Board.
Results

Demographics, Clinical, and Pathologic Data of Patients Undergoing PDAC Resection
During the defined study period, 2306 patients underwent resection of a pancreatic adenocarcinoma, of which 374 had a preoperative chest CT scan available for review. Of the 374, 51 % were female and 49 % male, and they had an average age of 67.8 years (range 38.3-94.1 years). The majority of the 374 patients did not have diabetes (n=277, 74 %). The majority of the carcinomas were located in the head of the pancreas (n= 303, 81 %), and the majority were of moderate histologic grade (n=201, 54 %). Two hundred ninety-four (79 %) patients were treated with pancreaticoduodenectomy (either classic or pylorus-sparing), while 64 underwent distal pancreatectomy with splenectomy, and 18 had a total pancreatectomy. Postoperative margins were positive on 98 (26 %) patients (defined as either an R1 or R2 resection). A majority of patients (n=255, 68 %) had metastatic lymph nodes. Preoperatively, 99 (26 %) patients received neoadjuvant chemotherapy and 44 (12 %) received neoadjuvant radiation therapy while the majority of patients (n=274, 73 %) received no chemoradiation prior to surgery. While 240 (64 %) patients underwent adjuvant chemotherapy with 125 (33 %) undergoing postoperative radiation treatment, 132 (35 %) patients did not receive postoperative chemotherapy or radiation. Only 98 (26 %) did not receive neoadjuvant or adjuvant chemoradiation therapy. A prior history of malignancy was noted in 89 (23.8 %) patients, with the most common type being breast cancer (n= 20). Eight (2.1 %) patients had a history of prior lung malignancy.
IPN and Progression to Clinically Recognizable Metastatic Disease in PDAC Patients
Among the 374 patients with a preresection chest CT, 183 patients (49 %) had ≥1 IPN on imaging (Fig. 1) . No significant differences in demographics were observed in patients with and without IPN ( Table 1) . The majority of patients with IPN had only one (n=86, 46.9 %) and 36 had two IPNs (19.6 %). The mean size of IPN in all patients was 0.6 cm (range 0.2-2.7 cm). The majority of patients had nodules ≤1 cm (n=159, 86 %), and only five patients had nodules ≥2 cm but <3 cm. The median survival of all patients in this study was 17.4 months. Overall median survival was comparable among patients who did (15.6 months) or did not (18.0 months) have IPN (P=0.66) (Fig. 2) . In addition, overall median survival was comparable for patients with an IPN at least 1 cm in size (15.5 months) compared to those with a subcentimeter IPN (15.8 months) or without an IPN (18.0 months) (P=0.58).
Mean clinical follow-up for patients in this study was 17.7 months (0.5-85 months). The majority of patients had at least 1 year of clinical follow-up (206 patients, 55 %), and 94 patients (25 %) had follow-up of greater than 2 years at the time of this study. Of the 183 patients with IPN, 29 (16 %) subsequently progressed to have clinically recognizable metastatic lung disease at the location of the prior IPN based on Fig. 1 Development of pulmonary metastases in patients with and without pulmonary nodules radiological assessment. Ten (34 %) of these 29 patients underwent lung biopsy which showed proven malignancy, and one patient underwent a biopsy which was found to be benign. Four patients (14 %) underwent resection of their lung disease while 16 (55 %) were treated with chemotherapy. Among patients without IPN (n=191), a similar proportion (13 %) developed clinically recognizable lung metastasis (P= 0.38). In 61 patients (16 %), there was no adequate follow-up to determine if pulmonary metastases occurred.
The average size of IPN in patients who progressed to lung metastases was 0.69 cm (0.2-2.0 cm) compared to 0.60 cm (0.2-2.7 cm) in those without (P=0.29). While the majority of patients with subcentimeter IPNs tended to be less likely to have progression to lung metastases (P=0.055), there was no size cutoff at which lung metastases were more likely. In addition, the majority of patients with an IPN that progressed to lung metastases were less than 1 cm in size. There was no difference in the number of patients who progressed to clinically recognizable lung 
Survival Analysis of Patients Undergoing Pancreatic Resection for PDAC
The median length of survival for all patients in this study was 17.4 months. Stage, tumor grade, positive margins, and the presence of positive lymph nodes were all associated with survival (all P<0.05) ( Table 2 ). These factors all remained significant by multivariate analysis. Age, sex, type of surgical resection, and a history of previous malignancy were not associated with survival. In addition, the development of clinically recognizable lung metastasis was not associated with a difference in survival (no lung metastasis 18.4 months vs lung metastasis 17.4 months; P=0.24). In a subgroup analysis of those with a preoperative IPN, there was no statistical difference in survival for those who went on to develop clinically recognizable lung metastases (P=0.59).
Discussion
The best chance for survival for pancreatic cancer is early detection when the carcinoma can be treated with surgical resection. At this time, surgery is limited to those with resectable local disease without distant metastasis, making it imperative that a patient is accurately staged prior to any surgical intervention. Based on NCCN guidelines, patients with newly diagnosed pancreatic adenocarcinoma currently undergo preoperative staging with a defined pancreas protocol CT of the abdomen and pelvis with thin cuts to assess for tumor resectability in addition to regional or distant metastases in the abdomen. While the current NCCN guidelines recommend chest imaging as part of the metastatic workup, there are no current recommendations for the specific type of imaging to obtain. Thus, while the majority of physicians would likely pursue chest CT for workup, it is conceivable that some would only obtain a chest X-ray. We found that almost half of all patients who underwent preoperative chest CT had at least one IPN, making IPNs a relatively common finding on chest CT. Therefore, it is important to know how to best manage these patients and to determine the significance of these nodules patients about to undergo resection, especially as they relate to risk of metastases. The reported prevalence of pulmonary nodules noted on CT scans in the general population varies, with a prevalence believed to be as high as 69 % in smokers or patients at risk for lung cancer.
11 -13 In patients with non-pulmonary cancers, a similar prevalence has been noted as well. A study of patients with colorectal cancer and known liver metastases found IPNs in 16 % while another which evaluated colorectal cancer patients without metastases found a rate of only 4.1 %.
7 , 10 A similar study of patients with extrapulmonary malignancy or sarcoma showed a rate of 75 % with at least one IPN, later classified as benign, malignant, or indeterminate.
14 Studies of patients with a known malignancy and IPN demonstrated that the primary tumor's histology, the size of the nodule, and a history of smoking increased the likelihood the nodule was malignant.
15 , 16 Our study shows a similar prevalence of IPN in patients in comparison to other studies, which could be related to environmental exposures or the advanced age of patients in There was no difference in survival between patients with or without at least one IPN on preoperative CT. This may be attributed to the relatively low percentage of patients with an IPN that progressed to clinically recognizable pulmonary metastasis. In addition, an equal percentage of patients with and without IPN developed clinically recognizable pulmonary metastases, and it would be believed that any potential survival disadvantage would be equivalent between both groups. Thus, IPN does not appear to be a contraindication to pancreatic resection. However, patients with increasing numbers of IPN had a higher association of clinically recognizable pulmonary metastasis. Therefore, close follow-up postoperatively should be initiated to monitor patients for development of lung metastases, especially those patients with two or more IPN.
An interesting finding from this study was that there was no significant difference in survival for patients with and without the development of clinically recognizable pulmonary metastases. This was true even in those patients with a preoperative IPN, as those who did go on to develop lung metastases did not have worse survival. This is unlikely to be related to the resection of clinically recognizable lung metastases, as only 6 (11 %) of the total 53 patients with lung metastases underwent lung resection. The majority of patients who progressed to clinically recognizable lung metastases were treated with adjuvant chemotherapy and had similar survival to patients who did not develop pulmonary metastases. Therefore, it is possible that the eventual development of lung metastases may not impact overall survival. Instead, other factors related the primary tumor or disease recurrence patterns may be more important. Further research will be needed to determine if there is a difference in survival based on the location of metastases.
As a retrospective chart review, this study has several limitations. Patients were chosen for surgical resection based upon tumor characteristics and the absence of any suspicion of metastatic disease. We therefore do not have data on patients who did not undergo surgical resection. Additionally, it was the decision of each individual physician whether to obtain preoperative chest imaging and, if so, whether this was a chest X-ray or CT, contributing to the large number of patients who did not undergo preoperative chest CT. Secondly, some patients were lost to follow-up based on their preference to receive adjuvant treatment at outside institutions. This led to a group of patients in which it was not possible to determine if the disease progressed to lung metastases. In addition, the development of lung metastases was determined in many cases by radiographic findings such as increase in size or number of nodules. Only a third of patients underwent surgical resection or biopsy allowing for tissue diagnosis to confirm metastatic disease. Thus, there is the possibility for either overestimating or underestimating the number of patients with lung metastases in this study. Finally, the majority of patients with pancreatic adenocarcinoma, including those in this study, ultimately went on to develop locally recurrent or metastatic disease. The development of widespread metastases in different organs can make it difficult to adequately determine the primary etiology of death and is a potential confounder of survival that is difficult to control for in each individual patient.
This is the first study of its kind examining the management of IPN in patients with pancreatic adenocarcinoma amenable to surgical resection. While IPN is a common finding in patients with pancreatic cancer, IPN should not be a contraindication to surgical resection of their disease. An IPN developed into clinically recognizable lung metastasis in only one of six patients with PDAC undergoing surgical resection in this study, and further research will be needed to determine the best course of follow-up in these patients postoperatively. Survival was not impacted in pancreatic cancer patients with IPN, even among patients who did eventually develop clinically recognizable lung metastasis. Patients with pancreatic adenocarcinoma who have IPN should not be precluded from surgical consideration.
Conclusion
Among our cohort of patients with preoperative chest CT, at least one IPN was found in almost half of all patients (n=183, 49 %). There was no difference between the presence of an IPN between smokers and non-smokers. Survival was not impacted among patients who had an IPN. Furthermore, an IPN developed into clinically recognizable lung metastases in only one of six patients with PDAC undergoing surgical resection in this study. While the presence of a solitary IPN was not associated with risk of subsequent lung metastasis, the presence of ≥1 IPN was associated with ensuing clinically recognizable lung metastasis. Survival in patients who developed lung metastases was not impacted. Patients with PDAC who have IPN should not be precluded from surgical consideration.
